Almraet--The expression of the c-fos proto-oncogene was studied in two different areas of the motor cortex and in the hippocampus of the rat after performance in an escape task in a Skinner box. Performance in this task caused an increase in the number of cells showing fos-like immunoreactivity in layers V and VI of the forelimb motor-sensory cortex with respect to yoked animals which had received the same amount, frequency and duration of aversive stimulation and manipulation as the trained animals. Therefore, this increase is the specific effect of performing the behavioral task. In the hindlimb motor-sensory cortex there were no differences between the trained and the yoked animals in any of the cortical layers. No differences were observed in the dentate gyrus of the hippocampus between trained and yoked animals, while the control animals showed a much lower fos-like immunoreactivity.
It has been argued that when an animal learns even electrical stimulation of the motor-sensory cortex. 18 a simple task several memory trace systems are Even more, it appears in neuronal cells after direct established in the brain. 23 The existence of these trace physical damage to the brain and cerebral issystems is demonstrated by the activation of specific chemia t2'~3 and in glial cells after focal brain damage, s nuclei, pathways and structures in the nervous system Since the basal expression of fos is relatively low in for the performance of well-defined behavioral most central nervous system regions, fos expression tasks. 22 Nevertheless, in complex behavioral tasks might provide a technique for metabolic mapping which require the implication of highly organized and similar in some respects to the 2-deoxyglucose autocomplex brain structures such as the cerebral cortex radiography 16' 18 but also with cellular resolution since it has been difficult to study their pattern of activation immunohistochemical fos staining is localized to the due to the lack of metabolic mapping techniques with cell nucleus. Therefore, with the aid of the c-fos cellular resolution. Thus, the activation of different immunostaining mapping technique it should be cell populations in the layers of different areas of the possible to establish the pattern of activation of the cortex in response to performance in behavioral tasks layers of different areas of the cerebral cortex in rehas not been studied, sponse to performance in a complex behavioral task. It is assumed that the formation of the trace system
In studies in which the aim was to investigate the in learning depends on the synthesis of target proteins trace system implicated in a behavioral task it has which produce a functional change in neuronal cells, been difficult to separate the activation induced by It has also been suggested that these plastic changes the performance of the task from unspecific stimuli in the nervous system depend on the expression of present in the task (e.g. experimental manipulation or genes like c-fos. ~5 The c-fos gene is rapidly and aversive stimulation). In these cases a triadic expertransiently expressed in many tissues in response to a imental design has been shown to be very useful to variety of stimuli. 2° In the brain, the c-fos protein is differentiate between the plastic changes induced by elevated by many sorts of stimulation. The proto-the experimental set-up from those induced by the oncogene product is induced in the hippocampus and learning and performance. ~ other regions by seizure activity, m6 in the dorsal horn
For the present study, we chose a task in which the of the spinal cord by cutaneous (sensory) stimu-animals must use their forelimbs to eliminate an lation, t4 in the dentate gyrus during kindling stimu-aversive stimulus by pressing a lever. This is a lation 7'~5 and it has also been induced by direct complex motor task in which the motor cortex must play an important role. It has been shown that training of haadedness in the rat activates the Abbreviations: BSA, bovine serum albumin; C, control; forelimb motor cortex contralateral to the trained FLMC, forelimb motor-sensory cortex; HLMC, hindlimb motor-sensory cortex; PBS, phosphate-buffered forelimb. With respect to the 2-deoxyglucose consaline; TR, trained; YK, yoked, sumption, 9 electrophysiological activity, 4 it induces 158 M.A. CASTRO-ALAMANCOS et at.
larger apical dendritic fields in layer V pyramidal one in the YK group. Twenty-four hours after the last day neurons of the motor cortex 10 and performance in of training (seventh day) each animal in the TR and YK group was submitted to 50 trials of the same sequence as this task is impaired after lesioning this region. 3 during the training days, while each animal in the C group Therefore, the different layers of the forelimb motorwas placed in another Skinner box and left undisturbed for sensory cortex (FLMC) and the hindlimb motorthe time the animals in the other groups were submitted to sensory cortex (HLMC) should show a different the behavioral sequence. Three hours after being submitted pattern of activation during performance in this task.
to its behavioral training each animal was anesthetized with a lethal dose of sodium pentobarbital and perfused It seemed also of interest to study if other structures with 50 ml of saline followed by 4% paraformaldehyde in such as the hippocampus, largely involved in learning 0.12 M phosphate buffer (pH 7.4) at room temperature. The and memory processes, would also become specifi-corresponding trained and yoked animals were perfused cally involved in the performance of the task. simultaneously. The brain was then removed and left in the above fixative overnight. Sections (70 #m thick) were cut with a vibrating microtome. We have confined our definition EXPERIMENTAL PROCEDURES of the immunoreactivity as los-like, due to the fact that a family of los-related proteins cross-react with the los
Behavioral training
antiserafli Thirteen male Wistar rats (300-350 g body weight) were used. Five of the rats were trained in a signalled-escape C-fos immunohistochemistry paradigm in a Skinner box (TR group). Five other rats were
The 70-pm sections were incubated in 1% hydrogen yoked to rats from the TR group (YK group) and the other peroxide in 100% methanol for 10 min to remove endogenthree served as control animals (C group). The Skinner box ous peroxidase staining. Following this treatment the secconsisted of a 32 x 32 x 30 cm Plexiglass and aluminium tions were washed with phosphate-buffered saline (PBS) and box with a lever and two lights, one at each side of the lever incubated in 10% normal rabbit serum for 30 min. Sections in one of its aluminum walls and a gridded floor that could were then incubated with a sheep c-fos antibody (Cambridge be electrified. The box was kept inside a sound-attenuated
Research Biochemicals, Cambridge, U.K.) for 48 h at a chamber, dilution of 1:1000 in PBS (pH 7.4), 0.2% of Triton X-100 During a six-day period, the animals in the TR group were and 0.1% bovine serum albumin (BSA). Sections were then trained to press the lever to escape an electric shock (0.3 mA) washed in PBS three times (15 min/wash) and incubated that was delivered through a grid floor. At the same time an with a biotinylated anti-sheep antibody (Vector) for 2 h at animal from the YK group was yoked to the animal in the a dilution t :200 in PBS and 0.2% of Triton X-100. After TR group by placing the animal from the YK group in a box washing in PBS, the sections were incubated with the ABC with the same characteristics as the Skinner box, but without solution (Vector) for 2 h, rinsed three times in PBS and a lever. Thus, the animal in the YK group received the same placed in diaminobenzidine for 10 rain. Some sections were intensity, frequency and duration of electric shock as the then stained for Cresyl Violet, to aid in the identification of animal in the TR group without the possibility of avoiding the cortical layers. The sections were then mounted in slides or escaping from it. The animals in the C group were also for their visualization in the microscope. Four sections for placed in a Skinner box and left there undisturbed for the each animal were quantified in a microscope with the aid of same time as the animals in the other groups, a camera lucida which projected a test square grid delimiting The animals in the TR and YK groups were submitted 6400/~m 2 on the section. All the cells showing los-like each day to a sequence of 30 trials consisting of 5 s of immunoreactivity inside the square were counted in six intertrial interval, 3 s of avoidance interval signalled by two different areas of each cortical layer (layers II-III, IV, V and lights and an escape interval of 15 s during which the electric VI) in the FLMC and HLMC. Figure I shows the areas shock and the discriminative stimulus were present. If an which correspond to the FLMC and HLMC 6,26 of sections animal in the TR group pressed the lever during the processed for c-fos immunohistochemistry and stained avoidance or escape intervals the electric shock and/or the with Cresyl Violet. The FLMC and HLMC correspond discriminative stimulus were ended and the intertrial inter-cytoarchitectonically to the lateral agranular cortex and part val was reinitiated for this animal and for the corresponding of the granular somatic sensory cortex. *Significant increase with respect to control; **significant DAYS increase with respect to yoked. Fig. 2 . Mean escape latency (+S.E.M.) of the animals trained in an escape task in a Skinner box (TR group) per day. cortex, some neuronal cell nuclei with intense immunoreactivity were also observed in the cerebral cortex of control rats. Immunostaining was much RESULTS more intense in the FLMC and HLMC of trained and yoked animals compared to control rats. In addition, The animals trained in the escape paradigm in differences were observed in the number of immunothe Skinner box acquired the ability to rapidly press reactive cells as described below. the lever to escape the aversive stimulus (Fig. 2) . ANOVA revealed that over days the latency to escape of these animals differed significantly (Ft.2s = 17.11; Number of fos-like positive cells in the forelimb motor-
0001). The Multiple Comparison test of Scheffe sensory cortex
showed that the first training day was significantly Table 1 shows the number of los-like positive larger in escape latency than the rest of the training cells of the trained, yoked and control groups in days (P < 0.0001). showed a significant increase in the number of fos-like In the hippocampus there were no apparent differ-positive cells with respect to the animals of the C ences in the induction of los-like immunoreactivity group in layers II-III (P < 0.0001), layer IV between trained and yoked animals, while the indue-(P < 0.0002), layer V (P < 0.0001) and layer VI tion in control animals was much lower (Fig. 3) . In (P = 0.0001). Also, the animals of the TR group control animals low intensity staining was observed in showed a significant increase in the number of los-like some neurons from all layers and areas of the cerebral positive cells with respect to the animals of the YK group in layer V (P<0.0001) and layer VI and control animals. Note the larger number ol (P < 0.0001). Figure 4 shows an example of the fos-like positive cells in the trained animals and the differences in the number of fos-like immunoreactive larger size of the nuclei of the cells in layer V which cells in layers II-1II, V and VI of the trained, yoked reflects that they are large pyramidal cells. (-+34) (-+40) (-+37) (+36) presentation of complex stimuli and not to a specific activation due to learning or memory processes. The *Significant increase with respect to control.
results seem to agree with the knowledge that motor skills and learning complex motor tasks do not Number of fos-like positive cells in the hindlimb motor-involve specific activation of the hippocampus, but sensory cortex rather centers on the motor cortex and cerebellar Table 2 shows the number of los-like positive cortex.Z'22 cells of the trained, yoked and control groups in
The location and somatotopic organization of the each cortical layer of the HLMC. ANOVAs revealed rat motor cortex have been known for some time. 6'1' 17 that the number of positive cells in layers II-III Cytoarchitectonically the FLMC and HLMC of the (F2.49 = 14.45; P < 0.0001), layer IV (Fz,49 = 9.85; rat are mainly divided in two regions, the lateral P = 0.0003) and layer V (F2.49 = 7.31; P = 0.0016) agranular cortex, where microstimulation of infradiffered significantly between groups. The multiple granular layers elicits movements, and the granular comparison test of Scheffe showed that the animals of cortex, consisting of dense aggregates of cells in layer the TR group showed a significant increase in the IV which have been shown electrophysiologically to number of los-like positive cells with respect to the respond to light cutaneous stimulation and where animals of the C group in layers II-III (P < 0.0001), electrical stimulation of infragranular layers elicits layer IV (P = 0.0003) and layer V (P --0.0017) of the movements. ~9 The HLMC shows a larger overlap HLMC. The animals of the YK group showed a between the sensory and motor representations, significant increase in the number of los-like positive receiving projections from the ventrolateral and cells with respect to the animals of the C group in ventrobasal thalamus, s Therefore, probably our data layers II-III (P = 0.0001) and layer IV (P = 0.05) of are reflecting in the higher layers sensorial integration the HLMC. and in the deeper layers effector processing. We show that not all the layers of the FLMC DISCUSSION become equally activated. Layers V and VI are the ones which show a significant level of activation due The results show that the FLMC of rats trained in specifically to the performance of the task and not to an escape task in a Skinner box becomes activated non-specific factors such as the aversive stimulus. with respect to the number of cells which express Even though, it is difficult to ascertain what type of los-like immunoreactivity. This increase in the numinformation these cells are processing due to the high ber of neurons which express los-like immuno-complexity of the connections in the cortex; it seems reactivity seems to be a specific effect in the motor that layers V and VI of the FLMC are reflecting the cortex, because the HLMC does not show these outputs necessary for the execution of the task (i.e. differences between trained and yoked animals. Also, forelimb movements to press the lever). the effect observed in the FLMC is circumscribed to
In the hindlimb motor cortex, layers II-IV become the infragranular layers. Therefore, an increase in the significantly activated in trained and yoked animals expression of fos-like immunoreactivity in specific with respect to control animals. The activation of layers of the forelimb representation of the primary layers II-III and IV might reflect the sensorial input motor cortex seems to be necessary for the perform-of the aversive stimulation. It is well known that a ance of this task. This result agrees with the data from bulk of fibers from the thalamus which constitute the other motor tasks in 2-deoxyglucose utilization, 9 and direct sensory pathway, end with huge plexuses of indicates that c-los immunostaining may be used terminal ramifications in layer IV. This hypothesis is as a technique for mapping different areas in highly possible because it seems that c-los expression the brain which become activated during behavioral is more reliably induced by different types of sensorial performance, stimulation than by internal processing events, while We also found that in contrast to the FLMC area, the activation of layer V of the HLMC in the trained the hippocampus does not become specifically acti-and nearly significant in yoked animals (P = 0.08) vated for the performance of the task. It has been would reflect the movement induced by the aversive recently shown that c-fos mRNA accumulates in the stimulation in the animals (i.e. animals tend to move hippocampus during acquisition of a brightness dis-in reaction to aversive stimulation delivered through crimination task in a Y-maze. z4 Nevertheless, this a gridded floor).
